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The stabilization of organic matter in semi-quiescent 
bodies of water or oxidation pon-as undoubtedly has occurred 
in nature since the beginning of life on the earth. How-
ever, the waste purification potential was not realized 
until the beginning of the twentieth century. Today, in 
many parts of the world, these ponds provide a simple and 
effective means of biological treatment of sewage or waste 
water containing organic matter. 
The. oxidation pond is a shallow, earthen basin into 
which sewage or other liquid waste is discharged and in 
· which natural purification processes take place under 
proper climatic conditions. The biological.principles 
involved are more complex than those of other conventional 
treatment processes, .since successful operation depends upon· 
heterotrophic (bacteria, protozoa and fungi) and autotrophic 
(mostly algae) organisms as well as .radiant energy. A 
definite: symbiotic relationship exists between these two 
forms of primitive life. The heterotrophs metabolize the 
organic matter a~robically releasing varioµs end products 
such as carbon dioxide, ammonia, water and other inorganic 
1 
2 
compounds; the autotrophs utilize these end products for 
the production of organic material in the form of new cells 
or excreted organic wastes·and liberate oxygen which is 
then available for continued ba9terial oxidation. 
Although there has been.extensive research dealing 
with the effects of the different parameters involved in 
. algae growth,. such as light, pH, temp·erature,. nutrients, 
etc., .very little data is available Goncerning organic 
· substrate utilization by algae in the ;dark. 
The purpose of this study was to' gain a more complete 
unde~standing of algae response to an organic substrate not 
only in.a light-dark cy~le, but also in constant darkness. 
Controlled laboratory experiments were conducted in batch 
systems with both heterogeneous microbial populations and 
pure cultures of algae. The relationships among dissolved 
oxygen concentration, substrate removal, oxidation-
reduction potential, oxygen uptake and pH were investigated. 
CHAPTER II 
LITERATURE REVIEW 
The v~lue of sewage purification in ponds was acci-
dentally discovered in the United States at Santa Rosa, 
California, in 1929, in ponds which resulted from the 
clogging of a prepared gravel seepage area. In that same 
yea~, the California State Bureau of Sanitary Engineering 
conducted studies on the efficiency of ~~nd purification 
and as a result recommended the oxidation pond system as an 
effective.means of waste treatment (1). The first oper-
ational and design.data for oxidation ponds was presented 
by Texas .Agricultural and Mechanical College in 1929 (2). 
The merit of oxidation ponds for sewage treatment 
gained recognition slowly in this country. It was not until 
the early years of World War II that the construction of 
oxidation ponds increased ten-fold because of the need to 
alleviate the overloaded conditions at treatment facilities 
of the military installations and the surrounding commun-
ities. In the years following, construction of oxidation 
ponds for sewage treatment increased rapidly .throughout the 
United States. In 1959, the results of a survey conducted 
on the status of ox:Ldation ponds in this country indicated 
3 
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over 650 cities used this means of treatment (3). However, 
this survey did not include industry, which was continually 
adapting the oxidation pond system for treatment of its 
wastes. A Public Health Service report in 1962 revealed 
that thirty-one different industries used oxidation ponds 
as a means of treatment (4) • 
. Although the oxidation pond has gained recognition as 
being a simple and effective means of biological waste 
\ 
treatment, the effects of the numerous environmental factors 
such as light, dissolved oxygen concentration and pH, on the 
biochemical dynamics occurring in an oxidation pond remain 
to be uncovered. 
Light or radiant energy is one of the most important 
environmental factors affecting the biochemical dynamics in 
an oxidation pond, since algal giowth depends upon photo-
' 
synthesis. There is now abundant evidence that photosyn-
thesis requires cooperative interaction of two photochem-
ically active systems acting in series (5--9). The two 
systems include various pigments such as chlorophyll a, 
chlorophyll b, and the carotenoids, which are present in 
most photosynthetic algae. The activation of these systems 
by light results in the evolution of oxygen, and the pro-
duction of ATP and NADPH, which are necessary for photo-
synthetic carbon assimilation. Although light is essential 
for photosynthesis and algal growth, it has been reported 
that the rate of photosyn.thesis or oxygen production is 
dependent upon the light intensity as well as the amount of 
5 
algae present (10). Lubbers, et al. investigated mixed 
algal cultures from oxidation ponds and found that the rate 
of oxygen pr6duction increased as a logarithmic function of 
light intensity up to approximately 720 ft candles and then 
rapidly decreased (11). Oswald, et al. also reported sim-
ilar findings using a pure culture of Euglena gracilis, and 
attributed the decrease to chlorophyll breakdown. In 
--\. 
addition, they found that as the age of the algae increased, 
th~ rate of oxygen production decreased (12). In experi-
men ts wi'th Chlorella, it was concluded by Kutyurin that the 
rate of oxygen production was independent of the concentra-
tion of oxygen in the water, but that it was dependent upon 
the light intensity as well as the physiological condition 
of the algae (13). 
The variation of the dissolved oxygen content in an 
oxidation porid encompasses a broad spectrum, ranging from 
values far above saturation during the day when photosyn-
thesis is maximum to values near or a·t zero during the 
night. This variation or diurnal cycle is affected by 
clima~ic conditions as well as the amount of organic mater-
ial present (14, 15). Wu (16) has shown in a laboratory 
scale oxidation pond that for organic loadings greater than 
400 mg/1 there was no evident recovery from anaerobic con-
ditions at the end of a seven-day period. The effect of 
prolonged anaerobiosis in an .oxidation pond will reduce the 
algal population, because the end products of bacterial 
fermentation, such as organic acids and ethanol, have been 
shown to be toxic to most algae (17). In additio~, it has 
been reported that certain species of Chlorella and 
Scenedesmus produce similar products from various hexoses 
under .anaerobic conditions (18) . 
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Another factor affecting the biochemical dynamics of an 
oxidation pond is pH. It has been reported that a pH 
I 
gradient exists from the influent to the effluent end of an 
oxidation pond (19, 20). This gradient can be explained by 
the fact that in the absence of free carbon dioxide the 
algae present utiliz~ carbon dioxide from soluble bicarbon-
ates ~hich results in an increase of the h~droxyl ion and 
therefore increases the pH. Rohlich and Fitzgerald (21) 
rep\orted that it was not uncommon for the pH to reaclt 
values as high as 10.0 to 11.0-during the day in an oxida-
J . 
tion.pond. Nielsen (22)cultured Chlorella pyrenoidosa in a 
media with pH values in the range of 3.0 to 11.0 with no 
\ 
apparent inhibition of photosynthesis or respiration. In 
contrast, Oswald (23) found that the light conversion 
efficiency of algae grown in laboratory cultures on sewage 
decreases as an approximately linear function of the 
duration ,af time that the culture has a pH greater than 8.0. 
However, he attributed this to the l.;i.mi ted amount of carbon 
dio~ide available because bacterial oxidation was inhibited. 
Pipes (24) studied tb,e following two.methods of pH 
control in laboratory scale oxidation ponds which receivid 
a synthetic sewage medium; 1) adjusting the influent pH of 
the sewage medium, and 2) loading the ponds only during the 
7 
daylight hours. He found that when the pH of the influent 
waste was reduced to values between 6.0 and 7.5, the pH of 
the pond was prevented from reaching extremely high values 
during the daylight. He also noted that there was an 
increase in the precentage BCi>D removal in the oxidation 
ponds having a detention time of five days or less when the 
pH of the influent waste was between 6.0 and 7.5. However, 
\ 
for oxidation poqas having a detention time greater than 
twenty days and receiving a waste with pH values ranging 
from 6.0 to 9.0, he found no significant difference in the 
percentage BOD removal. In regard to pH control by loading 
the ponds only during the daylight, he concluded that it 
~ 
did not appear to be a practical method of decreasing the 
maximum daytime pH of the ponds. 
In the preceding paragraph~ it has been shown that the 
pH, the amount of incident light intensity, and the dissol-
ved oxygen content influence the general symbiotic relation-
ship between the biological phases present in an oxidation 
pond. 
The general symbiotic relationship between the two 
existing biological phases, the bacterial phase and the 
I 
algal phase, in an oxidation pond has received extensive 
study and results ha~e shown it to be similar to that pre-
sented in Figure 1 (25-30). However, if the biochemical 
processes outlined in Figure 1 are absolutely true, the 
algae would not benefit from any of the preformed organic 






C H4 + C02 + NH 3 
Figure.I. The general symbiotic relationship between 




It has been reported in the literature that algae, 
namely Chlorella,. Euglena, Chlamydomonas, and Scenedesmus, 
which often predominate in oxidation ponds, are able to 
\ 
utilize a variety of organic compounds for growth in the 
presence of light (31-37). Gotaas, et al. (38) found that 
Chlorella pyienoidosa was capable of growing on sterile 
sewage, but when the detention time was greater than three 
days he found a significant increase in the dissolved 
volatile solids and in the soluble BOD, therefore indicating 
secretion of organic substances by the algae. However, 
Merz, et al. (39) concluded that the effect of e~cretion of 
extracellular, soluble organic matter by algae on the effi-
\ ' 
ciency of an oxidation pond is not likely to be significant, 
because the bacteria present will readily oxidize most of 
the excreted matter. In contrast, Allen (40) reported that 
algae were incapable of reducing the organic content of 
sewage in the, light as well as in the dark. 
Heterotrophic growth in the dark is one of the most 
puzzling characteristics concerning the algae. Although 
many different mechanisms have been suggested, there seem 
to be just as many mechanisms as algae species investigated, 
therefore the reasons why and how some algae exhibit this 
characteristic still remain to be explained. 
In studies with forty-four species from eight different 
genera of Chlorococcales, Parker, et al. (41) found that 
only twenty-four species were capable of growing on a glu-
cose or acetate salt media in the dark. He noted that there 
10 
was clearly no perfect correlation between facultative 
heterotrophic abilities and taxonomic relationships in this 
family. The inability of various other algae species to 
grow heterotrophically in the dark has also been found 
(42, 43). 
In contrast, Pearsall and Bengry (44) found that 
· Chlorella sp. growing in the dark in a glucose medium showed 
a growth cycle consisting of the following four stages: 
1. An exponential phase (1-8 days).when cell number 
is approximately doubled daily and relative dry weight of 
the cell falls. 
2. . A linear increase in growth in nuil\ber and dry 
I 
weight for six days. 
3. The rate of number.-increase falls and from 14 to 
40 days there was a period in which the daily rates of 
number or dry weight increase are constant and the relative 
weight per cell increases. 
4. After 40 days a small increase in cell weight was 
found. 
They noted that only one-fifth of the glucose supplied 
(500 mg/50 nil) was used by day 14, and after 40 days only 
one-half of that supplied was absorbed. 
Avilov (45) investigated the respons~ of 15 algae 
strains of the gen.us Chlorella to various carbohydrates and 
organic acids in the dark. It was shown that the best 
growth of most algae was on glucose and galactose, while 
fructose, mannose and acetate provided good growth only in 
11 
some strain~. The organic acids such as butyric, lactic, 
malic and citric, had no nutritional value to any of the 
strains tested. The most significant increase in cell mass 
was detected after a fourteen-day lag petiod. 
Myers (32) has shown that Chlorella pyrenoidosa grew 
well in the dark on added glucose, and that its pi'gment 
system remained intact. However, with a culture of Euglena 
gracilis, he noted a sluggish response to added substrates 
in the dark. ·and there was· notable loss· in the chlorophyll 
content (46). 
It has been reported in the literature that the addi-
tion'of an organic substrate to unstarved algal cells may 
cause .a two or three-fold increase in the rate of respira-
tion, whereas starved cells exhibit at least an eight-fold 
.increase (47). Although the rate of respiration increases 
after the addition of an organic substrate, the question 
arises as to whether the endogenous respiratory substrate 
is continually qeing used or whether it is somehow sup-
pressed by the exogenous substrate, which then serves as 
the respiratory substrate. Since evidence has been pre~ 
sented supporting both theories, the effect of an external 
oxidizable substrate on the rate of respiration still 
remains unresolved. 
In general, there are numerous factors influencing the 
·population mass of an oxidation pond. Although there has 
been a multitude of reports on the effects.of the various 
factors, much information concerning the basic biological 
12 
relationships as well as the engineering design features 
for an oxidation pond remains to be uncovered. In the 
present experimental research, an attempt was made to gain 
a better understanding of the basic biologic~l relation-
"· 
ships when the system WflS subjected.to complete darkness. 
CHAPTER III 
MATERIALS AND METHODS 
A. Experimental Apparatus 
1. Batch Unit for Light-dark Studies 
The experimental pond used throughout these studies 
was constructed of plate glass with the following geometric 
specifications: 
Width 28.5 cm 
Length 48.6 cm 
Depth 27.2 cm 
Total surface area 1387 2 cm 
Total volume 36 liters 
Illumination was provided by three gro lux lamps 
(Fl5t8-GRO, Sylvania) suspended longitudinally across the 
pond at a distance of 2! inches above the water surface to 
give a constant incident light intensity of 425 can~les. 
2. Batch Unit for Dark Studies 
The reaction vessel used was a 20-liter pyrex carboy 
which had a sampling port at the 10-'-liter mark. To ensure 
homogeneity of the microbial population, a Lightnin mixer 
was employed. Throughout these experiments the reaction 
13 
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vessel was in a rectangular closed cabinet to eliminate all 
light. 
B. Microbial Populations 
1. Heterogeneous Bacterial Seed 
The heterogeneous bacterial seed used in the light-dark 
studies was obtained from the effluent of the primary clari-
fier,at the municipal waste treatment plant, at Stillwater, 
Oklahoma. However, in the dark studies, the Only bacteria 
present were those occurring as natural contaminants in the 
system. 
2. Algal Seed 
The algal seed tised throughout these studies was a 
mixed algal culture with Chlorella as the ~redominating 
gen~s. A· stock al,gal population was maintained to assure a 
new and healthy algal seed at the beginning of each exper-
iment. The pure culture, Chlorella pyrenoidosa (#7516), 
used in this study was obtained from the American Type 
C6llection, Washington, D. C. The reasons for using a 
strain of Chlorella in these experiments were the following: 
1) Chlorella has 6een extensively used in studies of the 
mass culture of algae on inorganic media, and 2) Chlorella 
often is the predominating algal group in oxidation pbnds. 
C. Growth Media 
The chemical compositions of tlie media used in this 
study are shown.in Tables I and II. As noted in Table II, 
the glucose concentration var!ed from experiment to 
experiment. 
TABLE I 
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D. Analytical Procedures 
Dissolved oxygen concentration was determined by \he 
Alsterberg (Azide) Modification of the Winkler Method, as 
described in Standard Methods (49). 
Biological solids concentration was determined using 
16 
the membrane filter technique (Millipore Filter Corp., HA, 
O .45 mµ.) as outlined in Standard Methods (49). 
The oxidation-reduction pote:q.tial (ORP) and pH were 
monitored throughout·a11 studies using the Beckman Expanded 
\ 
Scale pH Meter (Model 76) in accordance with the procedure 
outlined in the Beckman Operating and Maintenance Instruc-
tion Manual (50). 
Filtrate COD was determined in accordance with the 
procedures given in Standard Methods (49). Filtrate carbo-
hydrate (an.throne) was measured according to the procedure 
outlined by Gaudy (51). 
Oxygen uptake was determined using a Warburg r.espiro-
meter operating at a shaker rate of 100 oscillations per 
minute and constant temperature of 25°C. A black poly-
ethylene sheet was placed over the Warburg r,espirometer 
· during all experiments to ensure that the incident light 
intensity at the water surface was zero. 
In a few experiments the viable bacterial counts were 
obtained by the spread plate surface counting technique, 
. and this is noted in the protocol for the individual exper-
iments. 
The method outlined by Glqyua ari,d Thirumurthi (17) was 
employed to check for bacterial contamination during the 
pure culture experiments, as well as the Spread plate 
\, . 
surface counting technique. 
E. Experimental Protocol 
The types of experiments investigated in this study 
may be placed into the following categorli.es: 
1. Batch Studies on the Effects of Various Organic Load-
!!!gs on .the Experimental Oxidation.Pond 
17 
In these studies the r"ecovery of the dissolved oxygen 
content in the oxidati.on pond from various organic loadings 
was investigated. The medium composition of the pond used 
throughqut these experiments is shown.in Table.III. 
TABLE Ill 
COMPOSITION.OF EXPERIMENTAL POND 
Sodium Bicarbonate (30 gwl) 
Bacterial Seed 
Algal Seed 
Algal Growth Medium 
Glucose Minimal Medium* 
Distilled Water 







In all studies an abundant algal growth was allowed to 
develop before the organic substrate and bacterial seed were 
added and the experiment begun. During all experiments a 
18 
lighting. period .of·· twelve hours ·on and twelve hours .off was 
l 
employed. The light intensity· at the water· s.urface was 
425 ft candles, and the temperature was maintained at 
24°C :!: 1 °. Samples were siphoned. from mid-depth of ·. the 
experimental pond just prior to turning the lights on and 
off. Dissolved oxygen concentration, biological solids, 
,· \.. t 
pH, oxidation-reduction potential~ filtrate COD, and carbo-
hydrate content were determined throughout the studies . 
. 2i Respqpse of Heterogeneous Microbial Populations to 
Organic Loadings in the Dark 
In these experiments the follqwiri.g three systems.were 
investigated: 1) open system with.out mixing, 2) open system 
wfth mixing, and 3) closed_system with mixing, The syn-
thetic medium used in all cases is given in Table IV. 
( 
TABLE IV 
COMPOSITION OF BATCH UNIT USED FOR DARK STUDIES 
Algal Growtb Medium 340 ml 
Algal Seed 1,000 ml 
Tap Water 2,000 ml 
Distilled Water 16,630 ml 
Glucose 30 ml 
Once an abundant algal gro~th developed, the organic sub-
strate was added and the ·reaction vessel was ~laced in the 
dark •. samples were taken.at various times.throughout the 
experiments, and the following .. parameters· were investigated: 
19 
dissolved oxygen concentration, pH, oxidation~reduction 
potential (ORP), biological Solids, oxygen uptake, viable 
.bacteria counts, filtrate COD, and carbohydrate (anthrone) 
-content. 
3. -Pure Culture Response to Organic Loadings.in the Dark 
Using the Warburg Respirometer 
The pure culture, Chlorella pyrenoidosa (#7516) was 
used in all experiments. The culture was photosynthetically 
grown in shaker-flasks at nlnety -strokes per minute on the 
synthetic growth medium shown in Table I. The experiments 
were stifrted by · aseptically adding the required amount of 
culture and organic substrate to the reaction vessels 
(125 ml capacity). The reaction vessels were then placed 
on the Warburgrespirometer, which was operated at 100 
oscillations per minute and at.a constant temperature-of 
2s0 c. Periodically two reaction vessels were removed for 
analyses of pH, biological solids, and filtrate COD and 




1. Batch Studies on the' Effects ·Of Various Organic Loadings 
on the Experimental Oxidation Pond in a Light-dark Cycle 
For these studies.the results of o:rganic loadings of 
100~50-200 mg/1 glucose on the recovery of the dissolved 
oxygen concentration in the experimental oxidation pond are 
shown in Figures 2 through 4. The composition of the exper-
imental pond used throughout was that given in Table III. 
Although the systems which receiveq organic loads of 
100 mg/1 and 150 mg/1 glucose, Figures 2 and 3 respectively, 
exhibited an.initial supersaturated DO content; the DO 
removal rates were very similar and in approxi~ately twenty-
three hours the IX> content was zero. The similarity of the 
DO removal rates indicates that the rate was independent of 
the applied org~nip loading. In contrast, the system 
receiving 200 mg/1 glucose (Figure 4) exhibited a much 
slower rate. This decrease in rate may be attributed to 
the low initial 00 concentration of the system, which was 
attained by aeration with nitrogen prior to the addition of 
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Figure-2. Biologic1'.l response in semi-quiescent waters to 
glucose-loading of 100 mg/1; lighting conditions, 
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Figure 3. Biological response in semi-quiescent 
waters.to glucose loading of 150 mg/1; 
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However, it can be seen that the DO recovery rate, 
which was due to photosynthesis and physical reaeration, 
decreased with increasing organic loading. In all cases, 
once the photosynthetic oxygen production was greater than 
the oxygen consumption of the microbial population, the DO 
concentration increased in a stepwise fashion corresponding 
to a maximum gain during daylight and a minimum loss during 
dark hours. 
The rate of glucose and COD removal for all three 
organic loadings were very .similar. However, the amount of 
metabolic intermeqiates produced in each system increased 
as the amount of glucose was increased. As might be 
expected, the biological solids concentrations in the sys-
terns receiving 100 mg/1 (Figure 2) and 200 mg/1 (Figure 4) 
glucose were maximum when most or all of the applied load-
ing was removed. It is interesting to note that the 
oxidation-reduction potentials (ORP) for the 100 mg/1 and 
150 mg/1 systems never attained negative values when the 
DO content was zero, i.e., under anaerobic conditions. In 
.contrast, the ·ORP for the 200 mg/1 system was very negative 
l 
under anaerobic conditions. This noted difference may be 
attributed to the fact that anaerobic conditions persisted 
longer in the 200 mg/1 system than in either the 100 mg/1 
or 150 mg/1 system. As ·shown in Figures 2 through 4, there 
was a small decrease inpH during active substrate removal. 
2. Response of Heterogeneous Microbial Populations to 
Organic Loading in the Dark 
In this set of experiments, the following types of 
systems were studied: 1) open system without mixing, 
25 
2) open system with mixi,ng, and 3) closed system with mix-
ing. The composition of the medium used throughout was 
that shown in Table IV. 
a. Open System Without Mixing 
Figure 5 shows the response of the system to 100 mg/1 
glucose in the dark. Although the initial DO concentration 
was extremely high, there was a continual reduction. of DO 
during the experiment. The glucose and COD removal curves 
indicate an initial lag period .followed by complete removal 
of all organic material. The maximum biological solids con-
centration occurred approximately fifteen hours after 
complete substrate removal. Initially, the ORP was contin-
ually changing, i.e., dynamic, but as the activity of the 
system decreased, the ORP attained a fairly stable negative 
potential. Although this system was not buffered, the 
initial pH of 8.0 did not seem to affect the system; the pH 
exhibited.a decreasing trend throughout the experiment. 
The response of the system in the dark, which was 
loaded.with 200 mg/1 glucose, is shown in Figure 6. There 
are two notable differences between this system and the 
system previously mentioned. First, the initial DO concen-
tration.in the 200 mg/1 system was reduced by aeration with 
nitrogen for five minutes; after shutting the nitrogen off, 
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the organic load was a1ded. The system was aerated with 
nitrogen to keep it from having an initial supersaturated 
28 
DO concentration, as shown in the 100 mg/1 system (Figure 5). 
The DO concentration in the 200 mg/1 system was reduced to 
z~ro within thirty hours, and remained at zero throughout 
the experiment. Secondly, the initial biological solids 
concentration in the 200 mg/1 system was three times greater 
than in the 100 mg/1 system. The glucose and COD removal 
curves for the system which received 200 mg/1 glucose 
(Figure 6) were strikingly different than that in the 
100 mg/1 system - (Figure 5). Al though both systems exhibited 
a short lag period, the rate of removal in the 100 mg/1 
system was approximately three times as fast as in the 
200 mg/1 system. This significant difference in removal 
rate may have been due to the fact that the 200 mg/1 system 
was subjected to inaerobic conditions within twenty hours, 
while the 100 mg/1 system remained aerobic throughout the 
experiment. The changes which occurred in the ORP and pH 
durin~ the ~xperiment were similar to those previously 
reported in Figure 5. The biological solids concentration 
for the 200 mg/1 system exhibited continual variation dur-
ing the experiment, which may have been due to continual 
sedimentation of the microbial population, namely, the 
algal population. 
b. Open System with Mechanical Mixing 
The responses of the system to org-anic loadings of 
100 mg/1 and 150 mg/1 glucose are shown in Figures 7 through 
29 
10. In :both systems there wa,s a general decreasing trend 
'--
in the 00 concentration, until the major portion of the 
glucose was utilized, then an increasing trend.in the DO 
concentration was seen due to reaeration by mixing. The 
glucose and COD removal curves for both systems again 
\ 
· showed an initial lag period followed by ·a slow .removal 1 
.similar to.that previously reported for the 200 mg/1 system 
. :(Figure 6) . 
- A comparison between the 100 mg/1 (Figure 7) and 
150 mg/1 (Figure 8) systems shows that the removal rate was 
faster· in the 150 mg/1 svstem than in the 100 mg/1 system, 
hence the 150 mg/1 system was biologically mor1 reactive. 
\ 
The biological solids.concentrations for both.:systems 
(Figures 7 and 8) are maximum at the point when all or most 
of the glucose was removed. Also, the ORP values for both 
systems indicate the following: 1) a positive p9tential 
throughout, which is indicative of an aerobic system, and 
2) a dynamic potential, indicating biological activity. 
The pH decreased throughout both experiments in spite of 
the high initial pH of 10.5. 
Figures 9 and 10 show the oxygen uptake for these two 
systems. In both cases the flasks from zero time of the 
experiil\ent exhibited a lag period, whereas there was no lag 
period for the flasks added during the experiments, and 
the oxygen uptake rates for the added flasks correlated 
very well to flask rates from zero time for the respective 
systems. The oxygen uptake rates per gram of solids for 
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both the ·100 mg/1 (Figure 9) and 150 mg/1 (Figure 10) 
systems were determined in the :following manner: the rates 
for flasks one and two were calculated for the same time 
interval and using the average solids concentration taken 
from the batch data during this interval. The rates for 
flask three were determined for the initial twenty hours 
using the average solids during this period, and the endog-
enous rate was based on the initial seventy hours and the 
initial solids concentration. The 100 mg/1 system had an 
endogenous rate of 1.52 mg/hr/gm·solids and an overall 
average rate of respiration of 10.9 mg/hr/gm solids. In 
contrast, the 150 mg/1 system exhibited an endogenous rate 
of 3.5 mg/hr/gm solids with an overall average rate of 
respiration of 24.0 mg/hr/gm solids. A comparison of these 
data indicates that the 150 mg/1 system was biologically 
more reactive than the 100 mg/1 system by approximately 230%. 
The relationships between the biological solids and 
the viable bacteria present in the abov~-mentioned systems 
are given in Figures 11 (100 mg/1) and 12 (150 mg/1). A 
comparison of these figures shows that in both cases the 
maximum biological solids occurred when the viable bacteria 
present were at a maximum. It is also interesting to note 
that both systems exhibited a net negative synthesis. 
Based on the apparent color change of the systems with time, 
from an initial dark green to a pale green, it can be said 
that algal cell loss was primarily the cause for the 
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c. Closed System with Mixing 
In this set of experiments the following two systems 
were investigated: 1) a non-buffered system, and 2) a 
buffered system (1 M Phosphate buffer). 
37 
Figure 13 shows the response of the unbuffered system 
to a loading of 150 mg/1 glucose. The DO concentration was 
reduced to zero within thirty hours and then remained at 
zero throughout the remainder of the experiment. Although 
there was no lag period in the glucose and COD removal, the 
system exhibited a much slower removal rate than any of the 
previously investigated systems. It can be discerned that 
most or all of the glucose was removed in approximately 120 
hours. The growth of this system was somewhat different 
than any of the previously reported systems. There was a 
slow continual increasing trend in the biological solids 
with a maximum occurring after approximately 95 hours, 
followed by a small decrease to a constant value for the 
remainder of the experiment. 
It is interesting to note that the DO concentration 
remained at zero during most of the experiment, but the ORP 
values did not indicate anaerobic conditions as was 
previously reported in Figures 4 through 6. Although the 
DO concentration of a system influences the ORP, other 
factors such as the presence of oxidized metallic ions 
(Fe+++) and/or the lack of chemical or biological activity 
also have an effect on the ORP of the system. Therefore 
these other factors may have caused .the ORP to remain at a 
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Figure 13. Biological response of closed, non-buffered.system to glucose loading 




relatively stable positive potential as indicated in 
Figure 13 in spite of the absence o;f dissolved oxygen in 
the system. To.ere was a slow decrease in the pH throughout 
the experiment. 
The oxygen uptake for the 150 mg/1 non-buffered closed 
system is given in Figure 14. However, no definite corre-
lation can be made to the batch system because of the fact 
that it was anaerobic after twenty~nine hours, while the 
oxygen uptake was measured under aerobic conditions. 
Despite the differences between the two systems, it is 
interesting to note that the oxygen uptake ~ate for flask 
two was 17.4 mg/hr/gm solids, while that of flask one was 
14.5 mg/hr/gm solids for the same time interval. In con-
trast, flask three, which was subjected to anaerobic con-
ditions for approximately forty hours, exhibited an imme-
diate uptake with a rate equal to 21 mg/hr/gm solids. 
These data do show, however, that the cells possessed a 
high capability for aerobic metabolism. It can be dis-
cerned that the endogenous rate of respiration. approximated 
first order decreasing kinetics. 
The response of the closed phosphate buffered system 
to 150 mg/1 glucose is shown in Figure 15. Tb,e DO removal 
rate was greater than in the non-buffered closed system. 
There was a lag period of approximately seventy hours in 
the glucose and COD removal. Following this lag period the 
glucose- and COD removal was similar· to the dark systems 
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Figure 14. Cmµulative. oxygen uptake for closed, 
non-buffered system loaded with 150 mg/1 
glucose. 
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exhibited a continual decreasing trend until the system 
started to utilize the glucose, after which a rapid 
increase was noted with a maximum.occurring when most or 
all of the applied substrate was removed. 
42 
It is interesting to note that during active substrate 
· utilization the ORP values were dynamic, while those during 
the initial lag period and after complete substrate removal 
were at a relatively·stable positive potential. The ORP 
values during the lag period indicate the presence of dis-
solved oxygen as well as the lack of chemical or biological 
activity, while those after complete substrate removal 
indicate the lack of biological activity due to the absence 
of the oxidizable substrate. There was a slight decrease 
in pH during active· substrate removal. 
The oxygen uptake of the closed buffered system is 
shown in, Figure 16. A comparison between the endogenous 
respiration and the zero time sample shows that there was 
very little difference in the oxygen utilization during the 
. initial twenty hours. The absence of a lag period in the 
oxygen uptake correlates very well to the observed rapid 
removal of the dissolved oxygen in the batch system. How-
ever, further correlation between the changes in the batch 
system and the oxygen uptake data again is not possible, 
because of the differences in the oxygen content of the 
systems. Upon examination of Figure 16 it can be seen that 
the rates of oxygen uptake for all flasks never exhibited a 
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Figure 16. Cumulative o;xygen uptake for closed, buffered 
system loaded with 150 mg/1 glucose. 
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interesting to note that the oxygen uptake data during the 
initial 100 hours exhibited properties for a system havirig 
· little biological activity. 
The relationships between viable bacteria and ~iolog-
ical solids for the non-buffered system (Figure 13) and the 
buffered system (Figure 15) are shown in Figures 17 and 18, 
. respectively. In Figure 17 it can be seen that as the 
biological solids ~ncreased there was a corresponding 
increase in the viable bacteria. In contrast, a comparison 
between the biological solids and the vaiable bacteria in 
Figure 18 for the buffered system shows a completely dif-
ferent response. As the biological solids exhibited a 
continual decreasing trend for approximately 150 hours, the 
viable bacteria slowly increased. Visual and microscopic 
examination o;f the samples during this continual decrease 
in biological solids showed that there was a definite color 
change from a dark green to a weakening pale green, and an 
apparent reduction in the algal cell number. Therefore, 
this decrease may be attributed to the algal population in 
the system. After 150 hours, there was a rapid increase in 
biological solids accompanied by a concurrent increase in 
viable bacteria. 
d. Open, Non-buffered System with Negligible Response 
The results presented in Figures 19 through 21 are 
strikingly different than any of the previously shown sys-
tems even though the method o;f developin,g the system was 
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i.e., pH, DO concentration,. and biological solids content. 
The DO concentration exhibited a continual increase due to 
reaerationby mixing. There:was little or no removal of 
the applied organic loading (100 mg/1 glucose) and the COD 
of the system remained relatively constant after exhibiting 
a slight initial increase which may have been due to cell 
lysing. The ORP values for this system were quite differ-
ent from any of the other previously shown systems. 
Initially, the ORP was 120+ mv but rapidly decreased. to 
15- mv and remained relatively stable the remainder of the 
time. The change in the high initial pH was negligible when 
compared to any of the previous· systems having the similar 
initial pH. 
The oxygen uptake for this system is shown in Figure 
20. It can be seen that the- addition of the exogenous sub-
strate had little or no effect on the rate.of respiration 
at any time during the experiment. The endogenous rate of 
respiration,was 4.2 mg/hr/gm solids, while the other three 
flasks exhipited an average rate of 4.3 mg/hr/gm solids. 
These data also indicate a lack of biological activity in 
the system. 
The relationship between the_biological solids concen-
tration and viable bacteria is shown in Figure 21. It is 
interesting to note that for the first fifty hours, the 
biological solids remained relatively constant while the 
viable bacteria exhibited a slow increase. Undoubtedly, 
this· slow increase in viable bacteria was a reason·. for the 
51 
slow response,of the system .. However, after fifty hours, 
the viable bacteria incr-eased while the biological sol.ids 
decreased. !s previously mentioned, visual and microscopic 
examination of the samples·from the system during the 
continual decrease in biological solids showed that this 
decrease was primarily due to algal cell reduction. 
During this experiment as well as all of the previous 
·experiments, a distinct odor similar to that of hydrogen 
sulfide·was detectable after approximately 72 hours of 
operation. Also, there was an apparent increase in the 
amount.of slime material in the system. The odor of 
hydrogen sulfide as well as the increase in slime material 
of the systems may have been due to various products 
released as a result of algal and bacterial cell lysing 
and/or products of dark heterotrophic metabolism of a photo-
autotrophic developed system. 
3. Response of a Pure Culture of Chlorella pyrenoidosa to 
Glucose in the Dark using a Warburg Respirometer 
Glucose utilization and the effects of glucose on the 
rate of respiration of Chlorella pyrenoidosa in the dark 
are shown in Table V. The following three types of cultured 
systems were investigated: 1) algae grown photosynthetic-
ally in a buffered (IM phosphate buffer, pH= 7.0) algal 
growth medium, 2) algae grown photosynthetically in an 
unbuffered algal growth mediu~, and 3) algae acclimated to 
a glucose-algal growth medium. A comparison of the 
responses of all three systems shows that the largest 
TABLE V 
PURE CULTURE RESPONSE TO GLUCOSE IN THE DARK 
Added 
Culture Substrate R02 
Previous Condition Age (Si) pH. pHF Time lmg 0 2/hr/gm Days mit71 1 Hours 
1. Photosynthetically 13 - 7.6 7.6 61.50 2.65 
cultured with algal 150 7.6 7.6 23.58 13.55 
growth medium with 150 7.6 7.6 36.58 10.62 
buffer 150 7.6 7.6 61.50 7.46 
2. Photosynthetically 
cultured in algal 
growth medium 14 - 8.75 9.4 72.17 0.83 
150 8.75 9.1 23.42 4.53 
150 8.75 9.0 31.17 4.14 
150 8.75 9.0 72.17 3.03 
3. Photosynthetically 21 - .8. 5 9.2 45.08 2.5 
cultured in algal 50 8.5 9.0 45.08 6.23 
growth medium 100 8.9 8.9 40.42 5.78 
100 8.5 9.0 45.08 5.84 
125 8.5 9.0 45.08 5.48 
100 8.9 8.9 53.42 5.56 
100 8.9 8.9 61.50 4.48 
4. Photosynthetically 26 - 8.3 9.0 30.00 2.26 
cultured in algal 150 8.3 9.0 58.17 2.15 




































increase in the respiration rate (R ) was observed in the 
02 
buffered system while the acclimated system exhibited no 
increase in rate as a result of the addition of an exogenous 
substrate. It is interesting to note that the endogenous 
rates of respiration for systems 1, 3, and 4 (Table V) were 
very similar. However, the observed low rate in system 2 
may be·attributed to the fact that large barometric changes 
occurred during this experiment. 
A comparison of the rates of respiration at various 
times throughout the experiments for the non~acclimated 
systems shows that the increase in the rate of respiration 
was only temporary, and that the system returned to a 
slower rate or possibly to the endogenous rate. 
The results for all systems indicate that Chlorella 
pyrenoidosa was capable of glucose utilization in the dark 
but did not significantly reduce the COD of the systems. 
The rate of substrate utilization in the dark was slow and 
more notably in the systemacclimated to the substrate. 
It can be seen that there was an increase in pH during 
the experiments with the non-buffered systems, while no 
change was detected in the buffered system. Although the 
· pH did not seem to affect the endogenous rate of respira-
tion, there was some indication that it may have affected 
the rate of respiration in the presence of an exogenous 
substrate. 
CHAPTER V 
DISCUSSION OF RESULTS 
The response of a laboratory oxidation pond population 
to an organic sub$trate .has been examined under the follow-
ing conditions: 1) in a light-dark cycle, 2) in complete 
darkness, and 3) in a pure culture using a Warburg respiro-
meter. The observed results:are discussed below. 
A. Biological Response in a Light-dark Cycle 
The results of these studies were presented in Figures 
·2 through 4. A comparison of the recovery rates of the 
dissolved oxygen concentration for all three systems 
clearly indicates that_ the reGov~ry rate .was dependent on 
the biological solids concentration as ·wefi 0li!=, ::the· applied 
organic loading. Although it may be conceivable that 
oxygen was continually being produced during the lighted 
periods, the step~like recovery was not observed until the 
rate of oxygen production by the algae exceeded the rate.of 
oxygen consumption of the microbial population.' In regard 
to the removal rate of the applied organic load, it can be 
said from these studies that it is independent of the 
. initial- loading conditions but dependent on the dissolved 
oxygen concentration. At higher organic loading conditions 
54 
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Wu (16) has shown that there was a decrease in the removal 
rate. From a comparison of the.oxidation-reduction poten-
tial (ORP) values and the dissolved oxygen concentration, 
it appears that the ORP is not as sensitive in indicating 
anaerobic conditions as the dissolved oxygen. 
B. Biological Response in Complete Darkness 
The results of these studiesw~re presented in f;igures 
5 through 18. Although three different experimental con-
ditions were examined, that is, an open system with and 
without mixing and a closed system with mixing, a comparison 
of the overall results allows the following generalizations 
to be drawn: There was an initial lag period in the rate 
of substrate removal as well as in the oxygen uptake of the 
systems. This lag may be attributed to the fact that 
because the microbial population had been developed photo-
autotrophically, the needed enzymes for heterotrophic metab-
olism had to be synthesized before substrate utilization. 
Another reason for this lag period could also be attributed 
to a change in biological i;>redominance in the system caused 
by the presence of the exogenous substrate. However, the 
results from microscopic and colony type examinatio~ during 
the experiments supports the former explanation._ In all 
systems there was a good correlation between the biological 
solids concentration and the viable bacterial counts, both 
of which exhibited a maximum at the time when most or all 
of the exogenous substrate was removed. Although it was 
previously mentioned that algae were capable of heterotrophic 
56 
growth in the dark but at a slow rate, the results indicated 
that the bacteria present are primarily responsi~le for the 
reduction of the organic substrate (32, 41, 45). 
A comparison of the ORP valqesshows that~all of the 
· systems exhilJited on~ or a combination of the following 
properties: 1) a dynamic potential, i.e., a potential that 
changes with time, which is indicative of biological 
activity, 2) a stable positive potential, which may be 
indicative of a lack.of chemical or biological activity 
· and/or the presence of cl is.solved oxygen,, and 3) a stable 
negative potential indicating the presence of products of 
anaerobic or facultative.decomposition and/or hydrogen 
sulfide.and other reduced compounds. 
Pertaining to the glucose and COD removal, the open 
systems exhibited.a faster removal of the applied organic 
loading than did the closeca:L sy~tems. Al though both. systems 
showed a slow increase inthe bacterial population, it was 
apparent that the dissolved oxygen concentration played a 
rate~limiting role in the substrate removal of the closed 
system. Wu (16) has also observed this·slow substrate 
·removal in a laboratory scale oxidation pond under similar 
·conditions. The amount of metabolic intermediates·and/or 
end products produced by the microbial populations in 
either system :were somewhat insignificant. 
The oxygen· uptake curves for the open systems. (Figures 
9 and 10)· were very similar in that there were three dis-
tinct phases shown, a lag phasei a linear phase, and the 
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endogenous phase, during the experiments. A comparison of 
the average rates of respiration for both systems indicates 
that the system loaded with 150 mg/1 glucose (Figure 10, 
R = 23.0 mg/hr/gm solids) was piologically more reactive avg 
than the system loaded with 100 mg/1 glucose (Figure 9, 
Ravg = 10.9 mg/hr/gm solids). Although oxygen uptake data 
was obtained for the closed non-buffered and buffered sys-
terns, Figures 14 and 16, respectively, only the initial 
twenty-five hours was of any value because the batch systems 
(Figures 13 and 15) exhibited anaerobic conditions dur:j.ng 
I 
th~ remainder of the experiments. However, it is interest-
ing to note the two completely different responses of the 
system. The non-buffered system exhibited three different 
rates (14.5, 17.4, and 21.0 mg/hr/gm solids) during the 
experiment, while the buffered system never did show any 
constant oxygen uptake rate. A comparison of the endogenous 
respiration curves of both systems does, however, indicate 
that the rate of endogenous respiration approximated first 
order decreasing kinetics. 
Inasmuch as the initial pH of all of the systems 
ranged from values of 8.0 to 10.5, it is felt that there 
were no inhibitory effects on the microbial population 
because it had been developed under the prevailing con.di-
tions. However, the initial pH value could have a definite 
effect on the type of microbial population which was 
developed in the system. Although it does seem possible as 
well as probable that these high pH values would inhibit 
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substrate removal to some extent as well as growth, but as 
previously mentioned, it is felt that the rates of substrate 
removal and growth are dependent on the conditions prior to 
the addition of the organic substrate . 
. In contrast to the previously discussed open systems, 
the results from the open system with negligible response 
(Figures 19 through 21) were quite different despite the 
fact that the method of developing the system was the same 
in all cases. Undoubtedly, the slow increase in the bac-
· terial population was a reason for the negligible response 
to the applied organic load. 
C. Pure Culture Response of Algae to Glucose in the .Dark 
The primary purpose in these· studies was to provide a 
more complete understanding of the precise role of the 
·algal population.when subjected to an exogenous substrate 
in the·dark. A comparison of the overall results in 
Table V indicate,that there was at least a two-fold increase 
· and possibly as much as a six-fold increase in the respira-
tion rate (R .) in the systems that had been photoauto-
02 
trophically cultured. This effect has also previously been 
observed with cultures of Chlorella (47). In addition, the 
increase in the rate of respiration was shown to berela-
tively independent of the amount of exogenous substrate as 
·well as the age·of the culture. Although it has. been shown 
by Nielsen (22) that the rate.of respiration of Chlorella 
pyrenoidosa was not inhibited for pH ranges of 3.0 to 11.0, 
the results of these studies indicate that there were some 
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inhibitory effects on the endogenous respiration and a more 
noticeable effect when an exogenous substrate was added. 
Pertaining to the substrate removal of Chlorella pyrenoidosa 
in the dark, it may be concluded that although glucose was 




Based on the experimental evidence presented, the 
following conclusions may be drawn: 
1. In spite of periods of anaerobiosis during sub-
strate removal, there were no apparent inhibitory effects 
on the reoxygenation of the systems due to photosynthesis 
once the substrate was removed. 
2. During active substrate removal the system will 
\. \ 
exhibit a dynamic oxidation-reduction potential (ORP). 
3. The relative rates of substrate removal were much 
slower in the dark systems than. in the systems receiving 
' 
light, and that the bacteria present were primarily 
responsible for substrate removal. 
4 ... Mixed populatioijs developed photoautotrophically 
exhibit a sluggish response to an added organic substrate 
l 
in the dark, whereas a pure culture of algae grown photo-
synthetically exhibits an immediate response to the added 
organic substrate in the dark. 
5. The amount of oxygen utilized by algae in the dark 
is relatively insignificant when compared to that of a 




RECOMMENDATIONS FOR FUTURE WORK 
In view of the previous experimental evidence, the 
following suggestions are offered for future work: 
1. A study on the effects of pH on algal respiration 
in the presence of an external oxidizable substrate. 
2. Studies should be made to establish the extent of 
heterotrophy in the various algal speci~s commonly found in 
oxidation ponds, and to detail the role of the bacteria as 
competitors for the organic compounds normally present. 
3. There is a·need to establish a more defined 
heterotrophic growth pattern of various algal species in 
the dark, and to elaborate what biochemical changes occur 
in the basic cell constituents. 
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